Objective: To describe vitamin D levels and prevalence of vitamin D sufficiency, insufficiency and deficiency in a large, ethnically/racially diverse population of youth with type 1 diabetes (T1D) and type 2 diabetes (T2D) in comparison to national data and examine the associations between clinical/demographic factors and vitamin D levels. Methods: 25-hydroxy vitamin D (25OHD) levels were measured in 215 youth with T1D and 326 youth with T2D enrolled in the Pediatric Diabetes Consortium (PDC). These levels were compared with those of youth of the same age without diabetes from the 2005-2006 NHANES Survey. Results: Vitamin D deficiency (<21 ng/mL) was present in 36% of PDC participants, and insufficiency (21-29 ng/mL) was present in an additional 34%. About 36% of age-matched youth in the NHANES Survey were vitamin D deficient and an additional 41% were insufficient. Deficiency or insufficiency varied by race/ethnicity, being highest in African-Americans (86%), intermediate in Hispanics (77%), and lowest in non-Hispanic whites (47%). Lower 25OHD levels were observed in African-American and Hispanic youth, during fall and winter, and at sites in the northern United States (all p-values < 0.001). Youth with T2D had significantly lower 25OHD levels than youth with T1D (p < 0.001), but this difference was largely eliminated after adjusting for race/ethnicity and socio-economic status. Conclusions: Vitamin D deficiency/insufficiency is present in a substantial proportion of youth with diabetes, particularly minorities, but the prevalence appears similar to that in youth without diabetes. Further studies are needed to examine whether youth with diabetes would benefit from vitamin D supplementation.
The classic role of vitamin D is in calcium-phosphate metabolism and bone formation and the non-classic role is as a potential anti-inflammatory and immunemodulating hormone. Vitamin D insufficiency and deficiency are common in youth (1) ; especially in youth with type 1 diabetes (T1D) (2-4) and type 2 diabetes (T2D) (5, 6) . Proposed mechanisms of an increased prevalence of vitamin D insufficiency and deficiency include genetic inheritance (7, 8) , increased body-mass index (BMI) (9) , and concurrent albuminuria with enhanced excretion of vitamin D binding protein (10) and less healthy diets in youth with diabetes. In addition to bone health, youth with diabetes may have additional benefits from being vitamin D sufficient. Past research has demonstrated that vitamin D insufficiency/deficiency in pediatric diabetes may contribute to insulin resistance (3, 5, 11, 12) , poor glycemic control (13) , and the development of microvascular and macrovascular complications (14) (15) (16) .
In 2009, the Pediatric Diabetes Consortium (PDC) was formed with the objective of improving the care of children with diabetes through sharing of best practices, collecting outcomes data with a common database, and collectively advocating for improvements in pediatric diabetes care focused on evidence-based education. A cohort of youth with newly diagnosed T1D was enrolled in the PDC T1D NeOn registry by seven US pediatric diabetes centers between 2009 and 2011 and a cohort of youth with T2D was enrolled by eight pediatric diabetes centers between 2012 and 2014. The large size and broad geographic distribution of patients within the two registries, as well as the differences in racial/ethnic and socio-economic characteristics between the two registries, prompted us to examine the prevalence of vitamin D sufficiency, insufficiency, and deficiency in these two groups of youth with diabetes.
Methods

Patients
This study of the PDC T1D and T2D cohorts included 215 participants with T1D and 326 with T2D who had 25OHD levels measured between April 2012 and December 2013 and who were ≥10 years old at the time of testing. Participants who were <10 and >22 years of age were excluded from this study to balance age distribution between the two cohorts. The protocols were approved by the Institutional Review Board (IRB) at each of the participating centers. Informed consent was obtained from participants older than 18 years of age and from parents of those less than 18 years of age. Assent was also obtained from participants <18 years of age as required by local IRB regulations.
On enrollment, participants in the PDC T1D NeOn registry had to be managed at one of the participating PDC centers within 3 months of diagnosis. A detailed description of the PDC T1D NeOn registry has been published previously (17) . The PDC T2D registry included participants who were diagnosed with T2D using the criteria of the American Diabetes Association including being antibody negative, BMI > 85th percentile for age and gender prior to diabetes-associated weight loss and at least one of the following: (i) HbA1c ≥ 6.5% (≥48 mmol/mol), (ii) random glucose > 200 mg/dL (11.1 mmol/L), (iii) fasting glucose ≥ 126 mg/dL (7.0 mmol/L), or (iv) 2-hour OGTT glucose ≥ 200 mg/dL (11.1 mmol/L).
Data collection
Demographic, socio-economic, and clinical characteristics data were collected from medical records and from interviews with the patient and/or parent. Vitamin D (25OHD) levels were measured by the IDS-iSYS analyzer at the Mineral Metabolism Laboratory (Yale University, New Haven, CT, USA). This assay has been found to be highly accurate (18) . Vitamin D deficiency was defined according to the Endocrine Society Clinical Practice Guideline as a 25OHD level < 21 ng/mL and vitamin D insufficiency was defined as 25OHD level between 21 and 29 ng/mL (19) . Blood was drawn from 107 fasting and 434 non-fasting participants. HbA1c levels were measured by point of care device or local laboratory within 28 days of the collection of the vitamin D sample.
Statistical analysis
In order to compare our results with the national population, the distribution of 25OHD levels from the NHANES survey 2005-2006 were calculated for the same age range as our sample (10-<22 years). Mean 25OHD levels, 95% confidence interval, percent of vitamin D deficiency and insufficiency were calculated from our diabetes cohort and the NHANES 2005-2006 data, and sampling weights were used to make the NHANES survey reflective of the general US population. (http://wwwn.cdc.gov/ nchs/nhanes/search/nhanes13_14.aspx). Race-specific 25OHD levels were also compared.
Least squares regression was used to determine the association of demographic/clinical factors with vitamin D levels. Multivariable models were constructed using stepwise selection methods and included all factors with the p-value < 0.10. Due to multiple comparisons, only factors with p-values < 0.01 were considered statistically significant while factors with p-value < 0.10 were included to adjust for possible confounding. Adjusted means from multivariable analysis were defined to be the least squares means (ls-means) from the regression model. Interactions among all possible pairwise combination of factors remaining in the multiple regression model were also assessed and none were found to be significant (p-value < 0.01). Residual plots from the final multivariate model were evaluated for approximate normal distribution, outliers, and homogeneity of variance. All reported p-values are two-sided. All analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA).
Results
The demographic characteristics of the 215 study participants with T1D and 326 with T2D are shown in Table 1 . There were substantial differences between the two cohorts with a larger percentage of racial/ethnic minorities in the T2D cohort: 29% of the T1D cohort were Hispanic or Latino and 8% were African-American compared with 59% Hispanic or Latino and 27% African-American in the T2D cohort; 46% of youth with T1D were female compared with 63% of youth with T2D. Mean age was 14.5 ± 2.7 and 16.1 ± 2.5 years for T1D and T2D, respectively.
The overall mean 25OHD level was 24.8 (99% confidence interval 23.7 to 25.9) ng/mL (Table 2) . Vitamin D deficiency occurred in 36% of youth and vitamin D insufficiency occurred in an additional 34%, with the remaining 30% of youth having a 25OHD level above 29 ng/mL. The prevalence of vitamin D deficiency and insufficiency varied according to race/ethnicity. Deficiency was present in 14% of non-Hispanic whites, 38% of Hispanics, and 65% of African-Americans, and insufficiency was present in 33% of non-Hispanic whites, 39% of Hispanics, and 21% of African-Americans. Of note, 9% of T2D participants indicated they were taking vitamin D supplements (data on dose were not available), mean 25OHD level in these youth was 27 ± 9 ng/mL; these data were not available for the T1D cohort. A sensitivity analysis excluding the 9% T2D participants who were taking vitamin D supplements generated similar results (data not shown).
From the NHANES 2005-2006 data, mean age was 15.4 years (99% confidence interval 15.0-15.9 years), 48% female, and median (interquartile range) BMI was 71% (40%, 91%).The national mean 25OHD level in the same age range was 24.0 (99% confidence interval 21.9-26.1) ng/mL, with vitamin D deficiency in 36% of youth and vitamin D insufficiency in 41%. From the NHANES database, deficiency was present in 18% of non-Hispanic whites, 56% of Hispanics, and 83% of African-Americans, and insufficiency was present in 48% of non-Hispanic whites, 37% of Hispanics, and 15% of African-Americans ( Table 2 ). The 25OHD level from NHANES data was significantly lower than the level from PDC cohort among each race/ethnicity group (p < 0.001 for all three groups).
Differences in unadjusted vitamin D levels were present when youth with T1D and T2D were compared (Table S1 , Supporting Information). However, this was largely, though not entirely, explained by differences in race/ethnicity distribution between diabetes types. As seen in Fig. 1 , the distribution of vitamin D levels was similar comparing non-Hispanic white T1D and T2D youth and comparing African-American T1D and T2D youth, though for both diabetes types the vitamin D levels were substantially lower in the African-American than white participants. For the Hispanic youth, the levels in T1D appeared to be slightly higher than in T2D.
In addition to race/ethnicity and diabetes type, in univariable models, lower 25OHD levels were associated with older age, female sex, BMI ≥ 85%, non-private insurance, lower parental education level, and lower household income. In addition, 25OHD levels varied substantially among the eight study sites and by season with the highest levels in summer and lowest levels in winter. HbA1c levels and diabetes duration were not significantly associated with 25OHD levels (Table S1 ). There was no statistically significant interaction between site and race/ethnicity. In multivariable analysis, only race/ethnicity (p < 0.001), study site (p < 0.001), and season (p<0.001) were significantly associated with 25OHD levels; diabetes type was no longer significant (p = 0.05) (Table S1 ).
Discussion
In this large, multi-center study of a diverse group of youth with diabetes, we found that vitamin D deficiency and insufficiency were common (36 and 34%, respectively). In multivariate analysis, lower vitamin D levels were seen in African-American and Hispanic youth, in fall/winter months, and in those living in the northern United States. When other variables were taken into account in a multivariate analysis, diabetes type was no longer significantly associated with 25OHD levels. The lower vitamin D levels seen in the African-American youth when compared to the non-Hispanic white youth in our study may be explained by lower levels of vitamin D binding protein secondary to genetic polymorphisms in the vitamin D binding protein gene (7, 8) . In addition, the lower vitamin D levels in the Hispanic and African-American participants also could be explained by increased skin pigmentation because this inhibits the synthesis of cholecalciferol, the metabolic precursor of 25OH vitamin D (20) . Individuals with T1D have also been demonstrated to have enhanced urinary excretion of vitamin D binding protein when compared with nondiabetic controls (10) . In this study by Thrailkill et al., participants with albuminuria had more exaggerated urinary losses of vitamin D binding protein than participants with normoalbuminuria, and therefore, this explanation is unlikely to be a major factor in our study of youth with diabetes of relatively short duration.
The prevalence of vitamin D deficiency in healthy American youth of a similar age varies between 19 and 24% when vitamin D deficiency is defined as <12 ng/mL (1) . Using this cut point, only 7% (N=38) in our study had vitamin D deficiency. Although the overall level of vitamin D was similar in the NHANES and PDC groups, differences emerged when vitamin D levels were compared by race/ethnicity. When we compared our results with the 2005-2006 NHANES data from youth of the same age, the vitamin D level among each race/ethnicity group was significantly higher in our study participants (p<0.001 for all three groups). (19) . It is a limitation of our study that we did not obtain data on dietary vitamin D intake in our participants or dose of vitamin D supplements being used by our participants with T2D. Amount of sun exposure is influenced by season of year and latitude. Indeed, in multivariate analysis of our PDC cohort, season and study site were important predictors of vitamin D levels. While previous reports have suggested that obese individuals have lower vitamin D levels because vitamin D is fat-soluble and is sequestered in body fat (9) , when vitamin D levels were adjusted for race/ethnicity and study site in the multivariate analysis of our study results, the influence of differences in BMI was no longer significant. Thus in our cohorts, skin pigmentation and sun exposure appear to have a greater impact on circulating vitamin D levels than either obesity or the type of diabetes.
Prevalence of vitamin D deficiency in American youth with T1D as reported in the literature has varied from 15-68.5%. For example, Svoren et al. (4) (2) , and 49% of youth with T1D (n = 1426) followed in the SEARCH study had deficient vitamin D levels < 20 ng/mL (3). Only the Florida study included a non-diabetic control group, and they found that 25OHD levels in a group of controls were similar to children with T1D and their first degree relatives. Much of this variation in prevalence can be explained by the disparate definitions of vitamin D deficiency applied in each study, the racial/ethnic composition of the patient population, the geographic location/latitude of the study sites, and the season of the year when samples were drawn. In our study, the three variables most highly associated with vitamin D levels were race/ethnicity, study site, and season.
Reports in the literature of the prevalence of vitamin D deficiency in youth with T2D are less common. De las Heras et al. reported that 59% of 27 youth with T2D were vitamin D deficient with levels < 20 ng/mL (5). To our knowledge only Di Cesar et al. (6) compared the prevalence of vitamin D deficiency (<20 ng/mL) in T1D (n = 50) and T2D (n = 63), but the participants were all adults. They found that adults with T2D had more vitamin D deficiency than adults with T1D (63.5 vs. 36%). This difference persisted after adjusting for BMI and was unrelated to age, sex, or insulin treatment. Importantly, race/ethnicity was not examined in this study. In our cohort, we found that youth with T1D and T2D had a comparable prevalence of vitamin D deficiency after adjusting for site, race/ethnicity, season, gender, health insurance, and family income.
Strengths of our study include the large sample size, and the racial/ethnic and geographic diversity of the participant population. In particular, this is the largest cohort of youth with T2D that have had vitamin D levels systematically measured. One weakness of our study is the lack of a control group of youth without diabetes, so we are unable to directly compare the prevalence of vitamin D deficiency in youth with and without diabetes. However, we were able to compare the prevalence in our cohorts with an age-matched population from the NHANES study. Limitations of this comparison are the use of different vitamin D assays for each and the fact that the NHANES data was collected in 2005-2006, while ours were taken in 2012-2013. Our data is also limited by the fact that we do not have complete data on dietary vitamin D intake or dose of vitamin D supplements being used by our T1D participants.
Despite these limitations, our findings demonstrate that youth with T1D and T2D had similar vitamin D levels, after controlling for race/ethnicity. In addition, vitamin D deficiency and insufficiency were equally common in youth with and without diabetes after adjusting for race/ethnicity and socio-economic status. From these data, we conclude that the evaluation of vitamin D status should be considered in pediatric patients, especially in those with diabetes and from a racial/ethnic minority population. Additional research is needed to confirm whether youth with diabetes would have benefits, such as improved insulin resistance (3, 5, 11, 12) , glycemic control (13) , and prevention of diabetes related complications (14) (15) (16) , from vitamin D supplementation.
